The feasibility of integration of cellulosic ethanol production with the manufacture of cellulose nanofibers (CNF) and cellulose nanocrystals (CNC) was evaluated using eucalyptus cellulose pulp as feedstock and employing the biochemical route alone. For the enzymatic hydrolysis step, experimental central composite design (CCD) methodology was used as a tool to evaluate the effects of solids loading (SL) and enzymatic loading (EL) on glucose release and cellulose conversion. Glucose concentrations from 45 to 125 g/L were obtained after 24 h, with cellulose conversions from 35 to 96%. Validation of the statistical model was performed at SL of 20% and EL of 10 mg protein/g, which was defined by the desirability function as the optimum condition. The sugars released were used for the production of ethanol by Saccharomyces cerevisiae, resulting in 62.1 g/L ethanol after 8 h (yield of 95.5%). For all the CCD experimental conditions, the residual solids presented CNF characteristics. Moreover, the use of a new strategy with temperature reduction from 50 to 358C after 24 h of enzymatic hydrolysis enabled CNC to be obtained after 144 h. The CNC showed a crystallinity index of 83%, length of 260 nm, diameter of 15 nm, and aspect ratio (L/D) of 15. These characteristics are suitable for many applications, such as reinforcement in polymeric materials and other lower volume higher value bio-based products. The findings indicate the viability of obtaining ethanol and CNC using the biochemical route exclusively, potentially contributing to the future implementation of forest biorefineries.
Introduction
The biorefinery concept has been identified as one of the most promising routes to build the new industries of the future, as it allows the use of renewable biomass such as lignocellulosic residues for the production of biofuels including cellulosic ethanol, together with other chemicals and bioproducts. [1] [2] [3] [4] Among these bioproducts, high added-value materials such as nanocellulose can significantly contribute to the economic viability of the overall process. 5, 6 Recent studies have proposed the application of the biorefinery concept to the forestry sector, with the aim of diversifying the paper and pulp industry and expanding the product portfolio. 5, [7] [8] [9] [10] Such novel products could contribute to the expansion of the paper and pulp industry into new and diversified markets, generating additional income and providing an important strategy to cope with market and economic fluctuations. However, selection of the most appropriate technology Additional Supporting Information may be found in the online version of this article.
Correspondence concerning this article should be addressed to C. S. Farinas at cristiane.farinas@embrapa.br. and the best target products for successful implementation of the biorefinery concept in the pulp and paper sector can present a great challenge from both the technical-economic and environmental sustainability standpoints. The development of green technologies for the implementation of biorefineries needs to be addressed in the switch to a sustainable bio-based economy. 2 Among the possible technological routes for the conversion of lignocellulosic biomass in biorefineries, the biochemical pathway, which involves enzymatic catalysis and microbial fermentation, is one of the most promising green and sustainable routes, due to the milder operating conditions and high conversion efficiency. Therefore, the biochemical pathway using biocatalysts for the manufacture of a diversity of products is highly advantageous both technically and environmentally, and is compatible with the demands of the bio-economy. 4, [11] [12] [13] However, the conversion of biomass into simple sugars via the biochemical route results in high amounts of a residual solid fraction, due to the high recalcitrance of lignocellulosic materials. [14] [15] [16] [17] The residues from the enzymatic hydrolysis step contain highly crystalline cellulose, because the enzymes degrade the amorphous part of the cellulose at a much faster rate than the crystalline fraction. 18 A potential use of this solid residue is for the production of nanocellulose, which is a high-value material that can be obtained in the form of cellulose nanofibers (CNF) or cellulose nanocrystals (CNC). Highly organized CNC can be used to improve the strength and mechanical properties of various materials. 6, 19, 20 Due to their mechanical and optical properties, CNC have attracted interest for use in biomedicine, 21 packaging, 22 and mechanical reinforcement of matrices, 23 enzyme immobilization, 24 among other applications. 25 The conventional method used to obtain CNC employs acid hydrolysis reactions that require high concentrations of strong acids such as sulfuric acid or hydrochloric acid, which react rapidly with amorphous cellulose, with interruption of the reaction before the hydrolysis of crystalline cellulose. 26, 27 In contrast, the use of enzymatic reactions to hydrolyze the biomass to obtain nanocellulose usually results in solid materials with characteristics of CNF. 28 Therefore, it still remains a challenge to obtain CNC from biomass using only the biochemical pathway of enzymatic reactions.
Recent research concerning the integration of cellulosic ethanol and nanocellulose production processes has demonstrated the potential of this approach applied to different lignocellulosic feedstocks. [28] [29] [30] [31] [32] [33] [34] [35] However, to ensure the economic viability of this integrated process, it is necessary to identify the optimum operational conditions, considering the solids loading (SL) and enzyme loading used in the enzymatic hydrolysis step to produce nanocellulose together with sugar at a concentration high enough for ethanol production. The processing of biomass at high SL leads to a higher sugar concentration, improved ethanol productivity, and reduced capital costs due to lower energy inputs. 14, 36, 37 Nevertheless, working at a high SL (above 15% w/v) introduces many technical challenges.
14 The higher solids content results in a reduced enzymatic hydrolysis yield, due to limitations caused by factors such as poorer mass transfer, 14, [37] [38] [39] end-products inhibition, 40, 41 nonproductive enzyme adsorption into lignin, 37, 42 and mixing difficulties caused by the high initial viscosity. 43 On top of that, there is a need to minimize the enzyme loading applied in the hydrolysis step, because the high cost of the enzymatic cocktail required for biomass saccharification has a significant impact on the economics of the overall process. 44, 45 Up to now, studies addressing the integration of nanocellulose and ethanol production using the enzymatic route have employed a relatively low solids concentration and/or additional mechanical steps. [46] [47] [48] Given the current demand for industrial processes to use high SLs in the enzymatic hydrolysis step, 14 there is a need for bioprocess engineering studies focusing on optimization of the operational variables for viable integrated nanocellulose and ethanol production using a green and sustainable route. Furthermore, to the best of our knowledge, there have been no studies concerning the development of a bioprocess to obtain CNC from biomass using exclusively the enzymatic route. The coproduction of CNC in addition to ethanol in such an integrated bioprocess can contribute to a higher return of investment than with the production of biofuels alone.
This study investigates the feasibility of integrating the production of cellulosic ethanol and nanocellulose using exclusively the biochemical route. To this end, experimental central composite design (CCD) methodology was used as an optimization tool in the enzymatic hydrolysis step, with evaluation of the effects of solids loading (SL) and enzymatic loading (EL) on the glucose released and cellulose conversion, to achieve conditions similar to those used in industry. The feasibility of cellulosic ethanol production was evaluated for the optimized operational condition selected by applying a procedure that used the desirability function for simultaneous optimization of the multiple responses (sugar release and cellulose conversion). The physical, chemical, and morphological properties of the residual solids obtained were characterized by XRD, STEM, Fourier transform infrared spectroscopy (FTIR), and thermal TGA analyses. In addition, a novel strategy is proposed for obtaining CNC using enzymes alone, involving extending the reaction time and reducing the temperature.
Experimental

Materials
A bleached kraft eucalyptus pulp was donated by the Suzano Pulp and Paper Company (Brazil). The pulp was reduced to a particle size smaller than 2 mm using a knife mill. The chemical composition of the eucalyptus pulp was 75.6% 6 2.3% cellulose, 14.6% 6 0.6% hemicellulose, 6.7% 6 1.2% lignin, and 1.1% 6 0.2% ash, determined according to the methodology of NREL. 49 The commercial enzyme preparation Cellic CTec3 (206 FPU/g, 122 mg protein/g) was obtained from Novozymes (Bagsvaerd, Denmark). The filter paper activity of the enzymatic preparation was determined according to Ghose, 50 and the protein content was determined by the Bradford protocol. 51 
Enzymatic hydrolysis
Enzymatic hydrolysis was carried out in 200 mL Erlenmeyer flasks containing 10 g of eucalyptus pulp and sodium citrate buffer (0.1 M, pH 5), at 508C, in an incubator/shaker at 200 rpm. The volume of buffer ranged from 68 to 125 mL, according to the solids content, as shown in Table  1 . The enzymatic dosages were also varied ( Table 1 ). The glucose concentration and cellulose conversion were determined during the course of the reaction (at 0, 6, 12, 24, and 30 h). Quantification of glucose was performed using a GOD-POD enzymatic kit (Doles, Brazil).
Experimental design methodology
The enzymatic hydrolysis experimental conditions were selected using a full factorial CCD that included 11 runs, corresponding to four factorial points, four axial points, and three central points. The factors and levels are shown in Table 1 . Response surface analysis was used to evaluate the effects of solids loading (SL) and enzyme loading (EL) in the hydrolysis reaction in terms of glucose concentration (g/ L) and cellulose conversion (%). The data were analyzed using ANOVA (analysis of variance) at a significance level of 95% (P 5 0.05) and response surface plots were constructed using Statistica V R 10 software. The simultaneous optimization of the multiple responses (sugar release and cellulose conversion) was evaluated using the desirability function. 52 . Desirability response surface plots were constructed using the Statistica V R 10 software.
Production of ethanol
Alcoholic fermentations were conducted according to the methodology described by Sonego et al. 53 Ethanol fermentation was carried out in 125 mL Erlenmeyer flasks with 30 mL of hydrolysates, using the commercial yeast Saccharomyces cerevisiae (Fleischmann) at an initial concentration of 25 urea. The initial pH of the fermentation broth was adjusted to 4.6, and it was maintained during the course of the fermentation. The yeast was acclimatized during 15 min and the fermentation was performed for 10 h at 348C, with agitation at 250 rpm. Samples were withdrawn every 2 h for analyses of ethanol production and glucose consumption. The concentrations of glucose and ethanol were determined by HPLC, using a Shimadzu instrument equipped with a refractive index detector maintained at 408C and a Shodex KS-802 column maintained at 808C. The mobile phase was Milli-Q water at a flow rate of 1 mL min 21 . The ethanol yield factor (Y) (Eq. (1)) was used to calculate the ethanol yield, described by Eq. (2) (% of theoretical yield), and the volumetric ethanol productivity (Q, in units of g/L h 21 ) was calculated using Eq. (3). In Eq. (2), the value 0.511 is the theoretical yield factor for the alcoholic fermentation process.
Strategy to obtain CNC A strategy was developed to obtain CNC directly from the enzymatic hydrolysis reactions of the eucalyptus pulp, based on extending the reaction time to up to 144 h and reducing the temperature from 508C to 35 and 408C. The selected operational condition (SL of 20% and EL of 10 mg protein/g) was used, and samples were withdrawn at 24 h intervals up to 144 h of reaction. The glucose concentration and crystallinity index (%) were measured during the course of the reaction.
X-ray diffraction
The crystallinity index (CI) was determined by XRD using a Shimadzu Model 6000 X-ray diffractometer with Cu Ka radiation (wavelength 5 1.5406 Å ), operated at 30 kV and 30 mA. Scattered radiation was detected in the 2u range 58-408, at a scan rate of 28/min. The CI percentage was calculated using Eq. (4) 
Field emission scanning electron microscopy
The CNF samples were examined by field emission scanning electron microscopy (FEG-SEM) using a JEOL Model JSM-607 1F microscope operated at 2.0 kV and 1.0 nm resolution. A droplet of diluted suspension containing CNF obtained by enzymatic hydrolysis for between 24 and 144 h (using SL of 20% and EL of 10 mg protein/g) was deposited on a silicon plate and mounted onto an aluminum stub using silver epoxy.
Scanning transmission electron microscopy
The morphology of the CNC obtained at 144 h using the optimized condition (SL of 20% and EL of 10 mg protein/g) was evaluated by STEM, using a Tecnai G2 F20 microscope (FEI, Hillsboro, OR). The images were acquired with a bright-field (BF) detector. A drop of diluted CNC suspension was deposited on a 400-mesh carbon-Cu grid and allowed to dry. The grid was stained with 1.5% uranyl acetate aqueous solution and dried at room temperature. The CNC diameter and length were measured using Image Pro-Plus software, with around 100 measurements for each sample. The dimensions presented here refer to the average of these 100 individual measurements, which values were estimated using the digital image processing tools that allow quantitative measurements of both CNC diameter and length.
FTIR analysis
Fourier transform infrared spectroscopy was used to characterize the chemical compositions of the original bleached kraft eucalyptus pulp and the resulting nanocellulose materials. A Bruker Vertex 70 instrument fitted with a diamond crystal was operated in ATR mode in the frequency range 4000-400 cm 21 , with resolution of 4 cm 21 and 32 scans.
Thermogravimetric analysis
Themogravimetric and derivative thermogravimetry (DTG) analyses of the original bleached kraft eucalyptus pulp and the samples obtained after the enzymatic hydrolysis were performed using a TA Instruments Model TGA Q500 V6.3 analyzer. The samples ($5 mg) were heated in a platinum crucible from ambient temperature (258C) to 6508C, at a heating rate of 108C min 21 , under an air atmosphere (60 mL min 21 ).
RESULTS AND DISCUSSION
Temporal profile of the enzymatic hydrolysis reaction of eucalyptus cellulose pulp
The enzymatic hydrolysis reactions of the eucalyptus cellulose pulp under the different experimental conditions of solids loading (SL) and enzyme loading (EL) ( Table 1) were monitored over a total period of 30 h. Figure 1 shows a representative temporal profile of both glucose release and cellulose conversion obtained by using 15% of SL and 10 mg protein/g of EL (central point of the CCD). Except for the magnitude of the glucose concentration and cellulose conversion values, a similar profile was observed when using SL ranging from 8 to 22% (w/w) and EL ranging from 3 to 17 mg protein/g. The glucose concentration varied from approximately 45 up to 125 g/L after 24 h of hydrolysis (Table 1) , with a plateau reached after this period for most of the conditions. Hence, it was possible to obtain conditions in which the glucose release exceeded 100 g/L, which is the sugar level recommended to be achieved to ensure an efficient distillation favorable to the economics of ethanol production. 55 For the range of experimental conditions described in Table 1 , the cellulose conversion yields varied from 35 to 96% after 24 h. For most of the different experimental conditions evaluated, no significant improvements in cellulose conversion were observed after 24 h of reaction. Therefore, this reaction time (24 h) was selected in the subsequent optimization studies employing statistical tools.
The enzymatic hydrolysis reaction usually requires a time of between 24 and 96 h to achieve reasonable cellulose conversion and its performance depends on many factors, including the type of enzyme cocktail used, the enzyme loading, the type of lignocellulosic biomass, the SL, and the process operational conditions. 36, 56, 57 A shorter reaction time is advantageous in terms of energy consumption; in this work, the proposed technique is based on the hypothesis that the amorphous fraction of the cellulose is hydrolyzed at a much faster rate than the crystalline fraction, 18 which usually remains as a residual solid after the saccharification step in the 2G ethanol production process. In the present case, it was not desirable for the proposed integrated process to allow the complete conversion of cellulose, justifying selection of a 24 h reaction time to evaluate the effects of the operational variables on hydrolysis performance.
Optimization of the enzymatic hydrolysis reaction using experimental design methodology After selection of a reaction time of 24 h for enzymatic hydrolysis of the eucalyptus pulp, the effects of solids loading (SL) and enzyme loading (EL) on glucose release and cellulose conversion were evaluated using statistical experimental design methodology. Table 1 presents the experimental conditions employed and the responses of the CCD. The purpose of this part of the study was to find a process operational condition that resulted in a high glucose concentration (>100 g/L) together with a residual solid material that could be used for the production of nanocellulose. In addition, it was also important to reduce the enzyme loading to the minimum possible, since enzymes are expensive and influence the overall economics of the process. 44, 45 As can be seen in Table 1 , the conditions employing both a high solids content and a high enzyme loading generally resulted in higher glucose concentration values, while a lower solids content resulted in improved cellulose conversion. Glucose concentrations of up to 125 g/L were achieved using SL of 20% and EL of 15 mg/g, while at lower solids contents (8-10%), cellulose conversion of up to 96% was obtained. An explanation for this is that the increase in solids content and enzyme loading favored the hydrolysis and sugar release up to a certain point, at which mixing and mass transfer limitations became significant. 43 Conversely, high conversion of cellulose is usually achieved using a low loading of solids. 58 To identify the best relationship between the two response variables, investigation was made of the effects of SL and EL on glucose concentration and cellulose conversion, together with determination of the coefficients of the mathematical model and statistical parameters (Table S1 ). The statistical analyses considered the 95% confidence limit (P < 0.05). In the case of the glucose concentration, statistically significant effects were found for the linear and quadratic terms of the enzyme loading, as well as the quadratic term of the SL. The cellulose conversion showed statistically significant effects for all the parameters, with the exception of the quadratic term of the SL. The solids and enzyme loadings showed positive effects on the glucose concentration, indicating that an increase in one of these variables would contribute to increased glucose release. The cellulose conversion showed a positive effect of enzyme loading, indicating that a higher enzyme loading facilitated the conversion. However, there was a negative effect of SL on cellulose conversion, indicating that an increase of this variable decreased cellulose conversion. The ANOVA analysis resulted in correlation coefficients (R) of 95% for glucose concentration and 88% for cellulose conversion, with F-test values (F measured /F critical ) of 11.38 and 4.70, respectively. These values were very satisfactory for obtaining the predictive models used to describe the response surface plots for glucose concentration (Figure 2a 
The statistical analysis revealed that glucose concentrations above 100 g/L could be achieved using solids and enzyme loadings at levels corresponding to the experimental conditions above the central point values (Figure 2a) . However, a better analysis of the performance efficiency of the hydrolysis reaction requires evaluation of the glucose concentration in conjunction with the cellulose conversion values. 18 It can be seen that cellulose conversion values exceeding 60% could be obtained using SLs between 10 and 15% and enzyme loadings from 10 to 15 mg/g (Figure 2b ).
Since the main aim of this work was to achieve an operational condition (considering SL and EL) suitable for the integrated production of nanocellulose and cellulosic ethanol, a simultaneous analysis was made of the two response surface plots presented in Figure 2 , establishing a minimum acceptable threshold for each variable. For the ethanol production process, the criterion chosen was a minimum acceptable glucose concentration of 100 g/L. For nanocellulose production, the minimum acceptable cellulose conversion was set at 50%, so that after the reaction there would be sufficient solids remaining to obtain nanocellulose. The simultaneous optimization of both response variables (glucose concentration and cellulose conversion) was carried out by means of the procedure employing the desirability function. 59 The response surface obtained in the simultaneous optimization of both responses for the desired integration process is shown in Figure 3 . In the procedure using the desirability function method, the coded values 0.0 (undesirable), 0.5 (somewhat desirable), and 1.0 (highly desirable) were used. 52 Desirability of 1.0 (the target value) was used to obtain the optimum operational condition of the overall integration process (Figure 3 ). The desirability function simulation revealed that the optimum values ranged from 17.5 to 22.5% for SL and from 10 to 20 mg/g for enzyme loading, with D 5 0.94, indicating that the overall process was within the optimal condition established. Validation of the statistical models obtained for the simultaneous optimization was carried out at a SL of 20% and enzyme loading of 10 mg protein/g. These SL and EL values were within the optimal values of the desirability function and were compatible with finding a condition of high SL and low enzyme loading that resulted in high glucose levels and efficient cellulose conversion. The values predicted by the statistical models described by Eqs. 5 and 6 (109.2 g/L for glucose concentration and 63.2% for cellulose conversion) were very close to the glucose concentration (108.9 6 1.8 g/L) and cellulose conversion values (63.3 6 0.5%) obtained experimentally. Hence, the enzymatic hydrolysis of eucalyptus pulp under an operational condition with SL of 20% and enzyme loading of 10 mg protein/g resulted in glucose release exceeding 100 g/L, which would be suitable for the production of ethanol. Furthermore, the cellulose was only partially converted (63%), so there would be potential to use the residual solids fraction to obtain a product with high added value, such as nanocellulose.
Ethanol production
The alcoholic fermentation was carried out using the sugars released under the previously selected hydrolysis condition of 20% SL and 10 mg protein/g enzyme loading, with 72 h of reaction. After 8 h of alcoholic fermentation, glucose was consumed to a concentration of 7.3 g/L, producing 62.1 g/L of ethanol (Figure 4) . The ethanol yield was 95.5% and productivity (Q) was 7.8 g/L.h. After 10 h, the glucose concentration was below 1 g/L and the ethanol concentration was 67.9 g/L. Elsewhere, 28 reported a 91.6% ethanol yield from bleached kraft eucalyptus pulp, which was attributed to the presence of glucose and absence of xylose. The presence of inhibitors derived from the degradation of hemicellulose or lignin interferes negatively in alcoholic fermentation processes. 60 In this work, the low concentrations of hemicellulose and lignin in the raw material could have contributed to good fermentation performance, showing the viability of producing ethanol with the sugar released from eucalyptus pulp under the experimental conditions selected for this integrated process. It can be observed in Figure 4 that glucose consumption rate decreased after 2 h of fermentation. This phenomenon is possibly explained by the inhibitory effect of the ethanol accumulation in the media on cell growth rate and yeast performance. It has been previously reported that ethanol concentrations above 40 g/L decreases cell growth. 53 Figure 4 also shows that ethanol production reached a plateau after 6 h of fermentation while the glucose was still being consumed. This phenomenon is possibly related to the production of secondary metabolites, such as glycerol. Therefore, monitoring of the different metabolites released over time as well as the cell concentration profile would contribute to a better understanding of the process to further improve the alcoholic fermentation efficiency.
CNC from the solid residues of enzymatic hydrolysis
The residual solids remaining after 24 h for all the enzymatic hydrolysis reactions described in Table 1 were characterized by FEG-SEM. After 24 h of reaction, CNF structures similar to those illustrated in Figure 5 were observed, for all the experimental conditions evaluated (Table 1) . To investigate the possibility of obtaining CNC directly after the enzymatic hydrolysis reaction, a strategy was proposed for reducing the temperature and extending the reaction time. Therefore, after 24 h of hydrolysis at 508C, the temperature was reduced to 35 or 408C and the reaction was monitored during 144 h. Crystallinity index values and glucose concentrations were determined for all the conditions studied (Figure 6) .
The crystallinity index is an important parameter that describes the amorphous and crystalline fractions of the material. Figure 6 shows an increase in the crystallinity index of the material from 72 to 80% in 24 h of reaction at 508C. However, during the remainder of the hydrolysis reaction, there was only a slight change in the crystallinity index, which increased from 80 to 83%. This showed that the crystallinity index was not significantly influenced either by the temperature used or by an extended reaction time. Nevertheless, the glucose concentration increased from 110 to 156 g/ L after 144 h at 508C. A reduced efficiency of the enzymatic complex was indicated by the lower glucose concentration obtained when the temperature was reduced (Figure 6 ). When the temperature was reduced to 35 and 408C, the glucose concentrations obtained after 144 h were 137 and 146 g/L, respectively, while the crystallinity index values remained close to 83%.
An increase of 24% in crystallinity after 48 h of hydrolysis of eucalyptus cellulose pulp was reported previously, 28 although the crystallinity remained stable as the reaction time was extended up to 72 h. The strategy of temperature reduction was adopted to avoid the degradation of crystalline cellulose due to the extended reaction time. The optimum temperature of the cellulase enzymes is around 508C, 61 so it is reasonable to assume that the reaction rate was lowered by reducing the temperature, with a decrease in the sugars released when the temperature was changed from 50 to 358C. An additional point is that there is an economic advantage of using a lower temperature, due to the lower expenditure of energy.
Morphology of the CNC
The residual solid materials obtained after the enzymatic hydrolysis of the eucalyptus pulp under the optimized conditions (SL 20%, EL 10 mg protein/g, and reduction of the temperature from 50 to 358C after 24 h and keeping it constant up to 144 h) were evaluated by FEG-SEM and STEM (Figure 7) . For all the samples, a rod-like appearance typical of nanocellulose was observed, as shown in Figure 5 for the periods of 24 and 72 h. However, after 144 h of reaction, CNC structures with rod-like and needle-like shapes were obtained ( Figure 7) .
The effect of hydrolysis time on the diameter of the structures is illustrated in Figure 8 . The diameter and length values were determined using Image Pro-Plus software, with observation of around 100 structures. The values refer to the average of these 100 individual measurements, which were estimated using digital image processing tools. Before undergoing the enzymatic hydrolysis process, the eucalyptus cellulose pulp diameter was 16 6 4 mm. The hydrolysis process resulted in a significant reduction in diameter, with thin CNF structures 21 6 3 nm in diameter after 24 h and CNC structures 15 6 6 nm in diameter after 144 h. The diameter changes of cellulosic nanostructures caused by enzymatic and mechanical processes were described by Campos et al. 46 , who showed that the use of enzymatic hydrolysis after an ultrasound process reduced the nanofiber diameter to less than 30 nm and decreased the sonication time required.
The CNC obtained here had a length (L) of around 216 nm 6 86 nm, diameter (D) of 15 nm 6 6 nm, and aspect ratio of 15. These features were in agreement with the characteristics of CNC reported by, 62 who described CNC with lengths in the range 100-250 nm and diameters between 8 and 70 nm for CNC from vegetal sources. Tonoli et al. 63 reported different values for CNC from recycled cellulose pulp, with fiber lengths from 100 to 1.8 mm and diameters from 30 to 80 nm, after 50 and 60 min of enzymatic hydrolysis. Previous studies of nanocellulose obtained from eucalyptus pulp using enzymatic hydrolysis coupled with mechanical treatment (microfluidizer) resulted in structures with length of 500 nm and diameter of 20 nm. 28 Teixeira et al. 31 obtained CNC with length of 500 nm and diameter of 6 nm after 72 h of enzymatic reaction combined with a wet disk milling step, while Cui et al. 48 used ultrasonicassisted enzymatic hydrolysis to produce CNC with values similar to those for the eucalyptus pulp cellulose (L 5 100-500 nm; D 5 5-8 nm).
This wide range of values could be attributed to the different operational conditions used as well as the different enzymatic cocktails. An enzymatic complex rich in endoglucanases will facilitate removal of the amorphous cellulose, while use of a complex containing exoglucanases enables the degradation of crystalline cellulose. 61 An increase in the enzymatic hydrolysis reaction time may cause the CNC length to decrease due to fragmentation of the crystalline cellulose fraction, releasing amorphous material present in the cellulosic structure.
Previous works reporting CNC production by acid methods applied to sources of cellulose including eucalyptus showed the advantage of the enzymatic method and found similar ranges of length and diameter, with L 5 175-142 nm and D 5 11-15 nm for eucalyptus cellulose, 63 L 5 100-300 nm and D 5 3-10 nm for waste paper, 64 and L 5 500 nm and D 5 1-9 nm for wood. 65 However, it is important to emphasize that obtaining CNC using enzymatic hydrolysis alone is innovative. This finding also opens opportunities for using enzymes with different specificities for obtaining CNC with different properties and, consequently, suitable for different applications. Figure 9 shows the FTIR spectra of the original eucalyptus cellulose pulp, CNF after hydrolysis for 24 h at 508C, and CNC after 144 h at 358C. The FTIR spectra were similar for all the samples evaluated. A band at approximately 3340 cm 21 corresponded to stretching vibration of O-H, and a C-H band at 2900 cm 21 could be attributed to the aliphatic structures in lignin, cellulose, and hemicelluloses. 66, 67 The amorphous cellulose pulp showed bands corresponding to the deformation and stretching of cellulose COC, CCO, and CCH bonds at around 895 cm 21 . 68 In the subsequent samples obtained after the enzymatic hydrolysis reactions, these peaks decreased and shifted to 898 cm 21 . This band reflected the presence of amorphous cellulose that could be processed into glucose by the action of endoglucanases and b-glucosidases.
FTIR analysis
A band at around 665 cm 21 was assigned to out-of-plane C-OH groups characteristic of cellulose pulp. 68 Asymmetric deformation of CH and COH groups at 1430 cm 21 and angular symmetrical CH 2 groups at 1315 cm 21 and 1370 cm 21 were associated with crystalline cellulose. 66 The presence of bands between 1315 and 1430 cm 21 in all the spectra showed that there was no degradation of crystalline cellulose by the enzymes. The presence of absorbed water was indicated by a band at 1630 cm 21 . Peaks between 1023 and 1076 cm 21 corresponded to C-C bonds present in the pyranose rings and structures associated with hemicellulose. Additional characteristic hemicellulose and cellulose bands were present at 2900 and 3334 cm 21 , and from 1105 to 1160 cm 21 , corresponding to the symmetrical stretching of C-H, OH, and C-O-C bonds of the glucose rings. 68 
Thermal stability
The thermal stabilities of the eucalyptus cellulose pulp, CNF, and CNC samples were investigated using the thermogravimetric method (Figure 10 ). The complexity of cellulose degradation is due to the large number of steps of the parallel and consecutive reactions, including the dehydration, decarboxylation, and decarbonylation of anhydroglucose units. 69, 70 The TGA and DTG results showed a small initial mass loss between 50 and 1508C, corresponding to the evaporation of absorbed water. The temperature for initiation of thermal degradation was characteristic of the main lignocellulosic constituents (cellulose, hemicellulose, and lignin). The degradation of cellulose occurred at 3318C for the original eucalyptus cellulose pulp, 3238C for CNF (24 h), and 3258C for CNC (144 h). The decomposition of hemicellulose occurred between 240 and 3108C, and lignin degraded in a wide temperature interval between 200 and 5508C.
The third DTG thermal decomposition peak occurred at 4408C for the original material and at 4208C for CNF (24 h ) and CNC (144 h). The lower temperature of this thermal event for CNF and CNC could be explained by the presence of smaller amounts of lignin and hemicellulose, due to the presence of accessory enzymes in the commercial complex used, which were responsible for reducing the concentrations of these compounds in the materials. Previous studies have found that CNC obtained by enzymatic hydrolysis exhibited superior thermal stability, compared to CNC obtained by chemical hydrolysis with sulfuric acid. The CNC obtained by enzymatic hydrolysis began to degrade at 3598C, while degradation of the CNC obtained using sulfuric acid started at 1848C. The lower thermal stability of CNC obtained by chemical reaction could be explained by the presence of sulfate groups on the cellulose surface. 71 The degradation temperature imposes a limit on the use of CNC, and a high temperature for the initiation of thermal degradation extends the range of applications of this material. 20 Thermal stability is an important property for CNC used in thermoplastic polymers whose manufacture requires a high temperature (typically above 2008C). 67 The CNF and CNC obtained here using enzymatic hydrolysis presented superior thermal stability, compared to materials obtained by means of chemical hydrolysis reactions. These materials can be of potential interest for a range of applications relevant to the fields of material science and biomedical engineering. In fact, nanocellulose has been considered as the most attractive renewable material for advanced applications due to its excellent mechanical properties, good biocompatibility, tailorable surface chemistry, and interesting optical properties. 72 Industrial applications of nanocellulose include devices for use in biomedicine, 21 packaging, 22 and mechanical reinforcement of matrices, 23 enzyme immobilization, 24 among other applications. 25, 72 In overall, our findings showed the viability for the integrated production of CNC and ethanol with the sugar released from the enzymatic hydrolysis of eucalyptus pulp. The production of CNC in an integrated biorefinery with ethanol could have a positive economic impact in this process, as it has been previously demonstrated for crop residues such as wheat straw. 73 
CONCLUSION
In this work, an approach using an exclusively biochemical pathway was successfully developed for the integrated production of nanocellulose together with sugar at a sufficiently high concentration for ethanol production. The use of experimental design methodology and the desirability function as statistical tools enabled selection of an optimum condition for obtaining CNC and glucose, using a high SL and a low enzyme loading. Such conditions are required to ensure economic viability of the integrated process. Alcoholic fermentation of the sugars released in the hydrolysis resulted in a process efficiency of over 95%. The use of a temperature reduction strategy for the enzymatic hydrolysis step resulted in the formation of CNC. Crystallinity index analysis of this nanomaterial revealed an increase of its crystallinity, which together with physical-chemical-morphological analysis confirmed the presence of CNC. The nanocellulose structures presented high thermal stability and elongated and thin shapes with an aspect ratio (L/D) typical of CNC. These features are important for the use of these substances to reinforce polymeric materials. The findings demonstrate that use of the enzymatic hydrolysis approach to obtain nanometric materials provides a green and environmentally favorable alternative to conventional chemical procedures. The integration of nanocellulose and ethanol production exclusively by a biochemical pathway contributes to the future implementation of forest biorefineries and diversification of the pulp and paper sector, in an approach that is coherent with the principles of green chemistry.
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